Since the mid-1970s, indomethacin has been used for the prenatal and postnatal prevention and closure of PDA in term and premature infants (1, 2) . This nonspecific PG inhibitor, as well as the newer selective COX inhibitors, is also used during pregnancy as a tocolytic agent, to prevent and treat premature labor and/or polyhydramnios (3, 4) . The curative effects of these NSAID are accompanied by various side effects, including hemodynamic changes in many organ systems. In the newborn, particular attention has been given to the cerebral, mesenteric, and renal circulations (5, 6) . The renal side effects of fetal or neonatal exposure to indomethacin, the most frequently used NSAID, relate to three closely interrelated aspects. Firstly, it has recently become clear that COX are essential for normal renal morphogenesis and maturation (7) (8) (9) . Prolonged intrauterine COX inhibition may induce clinically important changes in renal maturation, including renal dysplasia or dysgenesis and cortical (glomerular) development. Secondly, the intrauterine exposure of the fetus to indomethacin can functionally impair the renal circulation of the fetus, causing a very significant decrease in GFR with oligoanuria and consequently oligohydramnios (10 -12) . Thirdly, when indomethacin is given postnatally in a dose that generally will induce closure of a hemodynamically significant PDA (three i.v. doses of 0.2 mg/kg BW q 12 h) renal function is often protein levels. The remainder of the plasma was frozen for later determination of electrolytes and renal function tests.
Protocol. After the C period, an i.v. pulse of an ibuprofen solution with lysine was administered, and its effect was followed for another hour, the experimental period (E). During that period, two additional 30-min urine collections were made and blood was drawn at the midpoint of these collection. The red blood cells were again reinfused as outlined above. The protocol was the same for the three groups of animals, but differed in the dose of ibuprofen administered: group I (n ϭ 11; age 6 Ϯ 0.3 d; wt 101.1 Ϯ 5.3 g): 0.02 mg/kg BW of ibuprofen group II (n ϭ13; age 6.2 Ϯ 0.2 d; wt 111.4 Ϯ 3.5 g): 0.2 mg/kg BW of ibuprofen group III (n ϭ 10; age 6.6 Ϯ 0.3 d; wt 103.2 Ϯ 3.2 g): 2 mg/kg BW of ibuprofen
At the end of the experiments, the animals were killed with a lethal i.v. dose of sodium pentobarbital.
Vehicle control experiments (lysine).
The commercially available ibuprofen for use in the laboratory (I4883; Sigma Chemical Co., St. Louis, MO, U.S.A.) comes in the form of a powder. The i.v. solution of the drug was prepared by dissolving 1 g of powdered ibuprofen with 800 mg of lysine (base) in 100 mL of water for injection, as kindly suggested by Dr. B. van Overmeire and Dr. M. De Smet from the University Hospital, Antwerp, Belgium. This solution was, after appropriate dilution for the requested dose of ibuprofen, administered as an i.v. pulse (20 L/kg BW) to the animals of groups I-III. The animals of group I received 0.02 mg/kg ibuprofen together with 0.016 mg/kg BW of lysine; this dose of lysine was 0.16 and 1.6 mg/kg BW for the animals of groups II and III, which received 0.2 and 2 mg/kg BW of ibuprofen, respectively. To exclude lysine toxicity, 800 mg of lysine was dissolved in 100 mL of water for injection, obviously without addition of ibuprofen. This solution was diluted 100-fold, and from that diluted solution 0.20 L/kg BW was infused to eight newborn rabbits (age 5.8 Ϯ 0.3 d; weight 104.4 Ϯ 4.3 g), exactly as ibuprofen ϩ lysine was given. The lysine control animals thus received 16 mg/kg BW of lysine, a dose 10 times that given to the animals of group III. The preparation of the animals, the surgery, and the equilibration, control, and experimental periods were exactly as in the animals of groups I-III.
Analytical procedures. Urine volumes were determined gravimetrically and blood gas determinations were performed with a pH/blood analyzer (Gas Analyzer 248, Corning, Essex, U.K. Table 1 summarizes the variables indicating the general status of the newborn animals throughout the experiments. MAP, pH, and PaO 2 /PaCO 2 did not change significantly from the control values in any of the three animal groups. HR changed after the administration of 2 mg/kg BW of ibuprofen (group III), whereas the hematocrit and the plasma protein levels fell only slightly, albeit significantly, after the administration of ibuprofen in all three animal groups. These are recurrent findings in the neonatal animal experiments as a result of blood sampling. The renal functional responses to i.v. ibuprofen in the three animal groups are given in Table 2 (absolute data) and Figure 1 (percentage changes). The baseline values for the measured and calculated renal functional parameters were comparable for all three animal groups. After the i.v. administration of ibuprofen, UV fell significantly in animals of groups II and III, but not in those of group I, receiving the lowest dose of ibuprofen (Table 2 ). There was a clear tendency to a reduction in absolute UVNa, significant only in the animals of group III (p Ͻ 0.05). GFR fell in all animal groups. The fall was Ϫ13.5 Ϯ 4.6% in the animals of group I (0.02 mg/kg BW of ibuprofen), Ϫ32.1 Ϯ 6.0% in group II (0.2 mg/kg BW), and Ϫ35.8 Ϯ 4.1% in group III (2 mg/kg BW), a dose-dependent effect (Fig. 1) . RBF did change significantly in all animals groups: Ϫ15.4 Ϯ 5.8% (group I), Ϫ32.0 Ϯ 5.4% (group II), and Ϫ36.4 Ϯ 2.5% in group III. FF remained stable in the animals of groups I and II but decreased significantly in group III (I: ϩ1.8 Ϯ 6.2%; II: Ϫ1.8 Ϯ 2.9%; III: Ϫ16.7 Ϯ 2.5%). RVR rose in all three animal groups, very significantly (p Ͻ 0.001) in groups II and III (I: ϩ19.6 Ϯ 10.3; II: ϩ57.9 Ϯ 13.2%; III: ϩ 61.2 Ϯ 10.1) (Fig. 1) . After the i.v. administration of lysine (16 mg/kg BW) to eight newborn rabbits, no significant changes in MAP and the renal parameters (UV, GFR, RBF, RVR) were observed (Table 3) .
RESULTS

DISCUSSION
NSAID are used extensively, particularly in the adult population. Most NSAID cause nonspecific inhibition of the prostanoids, although their relative effects on COX-1 or COX-2 may differ in various settings. In addition to the established nonspecific NSAID, newer selective COX-1 or COX-2 inhibitors are now available. The side effects of all these compounds are well recognized and have been the subject of two recent clinical studies in adults (25, 26) . The main adverse effects of NSAID pertain to gastrointestinal and hematologic toxicity, whereas all these drugs, albeit in different degrees, are vasoactive and affect normal blood flow in a variety of organ systems such as the brain, the mesenteric vascular bed, the ovaries, and the kidneys. In normal, healthy adults the effects of NSAID on renal perfusion are, however, rather limited. The most severe adverse renal effects of NSAID are observed when these drugs are given to individuals with compromised renal function (26) . In this respect, the adult with renal impairment seems to react to this group of therapeutic agents much as the term and, in particular, the premature neonate and the unborn fetus. When the pregnant mother receives a NSAID for a basic maternal disorder or in the later stages of gestation for the prevention and treatment of premature labor, the fetus is exposed to these PG-synthesis inhibitors in utero, inasmuch as the NSAID rapidly pass the placental barrier. These drugs interfere with normal nephrogenesis, which may lead to irreparable renal damage. This effect seems to be predominantly due to the inhibition of COX-2, at least in mice and rats (8 -10, 27) . In addition, the fetus may also have a renal vasoactive response with reduction of urinary output and oligohydramnios. After birth, renal failure may ensue (10, 11) . Recently, the intrauterine exposure to the selective COX-2 inhibitor nimesulide was reported to be associated with neonatal end-stage renal failure (12) .
The healthy newborn, and in particular the premature infant, have a precariously low GFR that is maintained by a very (28) . PG promote renin secretion and thus angiotensin II formation (29) , whereas this process is blocked by PG-synthesis inhibitors such as indomethacin and ibuprofen. The administration of a PG-synthesis inhibitor such as ibuprofen reduces renal vasodilatation, resulting in greatly increased vasoconstrictor activity, which is already very high.
That is indeed what was found in the experiments described in the present study. Intravenous administration of ibuprofen (0.02-2 mg/kg BW) to newborn rabbits caused a significant increase in RVR and a fall in RBF and GFR. This was accompanied by a reduction in UV and UVNa, whereas MAP remained unchanged. There was a definite dose-dependent response between 0.02 and 0.2 mg/kg BW of ibuprofen; little further change was seen with an additional 10-fold increase of the dose (Fig. 1) . The response of the neonatal rabbit kidney to i.v. ibuprofen is not unexpected. Previous neonatal animal studies from our laboratory showed a similar pattern after the i.v. administration of aspirin or indomethacin. In the study by Ballèvre et al. (16) , i.v. indomethacin (2 mg/kg BW) induced a rise in RVR (ϩ55%), a reduction in RBF and GFR (both approximately Ϫ45%), with significant oliguria (UV: Ϫ39%; p Ͻ 0.001). Aspirin caused a very rapid reversible vasoconstriction in 1-wk-old rabbits, evidenced by a steep rise in RVR (ϩ153%) and a fall in RBF and GFR of Ϫ52% and Ϫ34%, respectively (data submitted for publication). The same dose (per kg BW) of i.v. aspirin had a very attenuated effect in 12-wk-old (young adult) animals. This observation reinforces the notion that neonatal animals (and probably human neonates) are far more sensitive to the administration of NSIAD than their adult counterparts. It is tempting to speculate that this is due to the high basic activity of the various vasoactive forces in the newborn kidney, resulting in an overriding pronounced vasoconstrictor state We assume that these renal hemodynamic responses of neonatal (and young adult) rabbits to acute i.v. doses of NSAID are mainly due to nonspecific inhibition of the renal COX. We do not have proof that this is indeed the case, inasmuch as we have not ourselves studied this aspect of neontal renal (pathophysiology). Nor is this developmental aspect of the renal COX the subject of the present paper. The localization or distribution of COX-1 and -2 in the human kidney seems to be different from that in the rat and there are differences in specific COX expression between fetal and adult human kidneys. According to Kömhoff et al. (30) , COX-1 is primarily expressed in podocytes and collecting duct cells of fetal human kidneys, increasing markedly from the subcapsular to the juxtamedullary cortical region. COX-2 appears toward the end of gestation in fetal glomerular podocytes. In the adult human kidney COX-2 was found in endothelial cells and the vascular wall of artery and veins as well as podocytes. According to Kömhoff et al. COX-1 may be involved in (angio)glomerulogenesis whereas COX-2 seems to be of prime importance for renal perfusion and glomerular hemodynamics (30) .
The presently available clinical and experimental data on the hemodynamic effects of NSAID in the newborn period relate more to the cerebral than to the renal circulation. Many excellent studies in experimental animals (mostly newborn piglets) and human newborns (often premature) on the effect of NSAID on cerebral blood flow have shown that inhibition of PG synthesis does not necessarily explain the hemodynamic responses to NSAID. These cerebral perfusion data may, however, not directly apply to a situation in which NSAID affect the rapidly changing postnatal renal perfusion. On the other hand, it may well be that the ultimate renal response to PG inhibition in the kidney, just as in the brain, depends on many 
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other vasoactive mechanisms, beyond those regulated by COX-1 and -2. For a thorough discussion on this subject, the reader is referred to the literature (5, (31) (32) (33) (34) (35) (36) . To complicate matters, it is now well known that chloride plays a role in the various responses to COX inhibition in the kidney of the isolated, adult rat (37) . Perhaps the most important observation concerns the difference between neonatal and adult individuals. For example, the infusion of PG to newborn piglets causes cerebral vasoconstriction, whereas these same agents have a prominent vasodilatory action in adults (36) . In our own laboratory, the kidneys of newborn rabbits showed the same paradoxical vasoconstrictive response to the infusion of the vasodilator agents PGE 2 and prostacyclin (PGI 2 ) (unpublished data). One wonders if this may relate to the differences in the location of COX-1 and -2 between adult and fetal human kidneys, as outlined above (30) .
The present experiments were not designed to evaluate the various pathophysiologic pathways that govern the hemodynamic responses to PG-synthesis inhibition in different organ systems. The animal studies reported here were initiated because we were struck by various reports that indicated that ibubrofen is less vasoactive in the brain, the gastrointestinal tract, and the kidneys than indomethacin (5, 6, 18 -20, 38, 39) . It is interesting to go back twenty years to the studies by Feigen et al. (38) in adult dogs. These experiments showed that indomethacin produced severe acute vasoconstriction of the mesenteric vessels whereas ibuprofen did not (38) . These were, as already mentioned, adult animals, but much of the literature shows the same pattern in infancy. In contrast, the main finding of our studies, as outlined above, was that newborn rabbits react to i.v. ibuprofen more or less in the same manner as found previously with the i.v. administration of indomethacin or aspirin. In our laboratory, all tested NSAID caused a reduction in RBF and GFR with a very significant rise in RVR. Not only total RBF is affected by PG-synthesis inhibition but probably also intrarenal blood flow distribution. This may be associated with a delay in the physiologic, postnatal shift of blood from the deep cortical juxtamedullary nephrons to the nephrons in the outer cortex. In other words, newborns exposed to NSAID may well have a persistent, or redirected, predominantly deep cortical juxtamedullary nephron perfusion. These juxtamedullary nephrons are the most mature water and salt conserving nephrons, a fact that may explain the fall in UV and the compensatory increase in tubular reabsorption of sodium (or the fall in UVNa). Another homeostatic aspect of PG-synthesis inhibition is up-regulation of the renal aquaporins, producing an increase in free water reabsorption in the collecting duct (40) .
We are pediatricians and do not treat newborn rabbits but infants and children. The major question, therefore, is whether the above described laboratory findings have any clinical relevance. The first conclusion should be that when NSAID are given to neonates, the renal function has to be followed very carefully, even though we know that the renal changes after indomethacin administration to adults and neonates are often reversible. When renal function declines-at this young age generally measured by an increase in plasma creatinine concentrations-the administration of NSAID should, in principle, be stopped. There is, however, one pitfall: plasma creatinine levels immediately after birth rise due to temporary tubular reabsorption of creatinine, especially in preterm infants (41) . When NSAID are administered during gestation, the amount of amniotic fluid should be determined regularly by ultrasonography. In regard to the possible toxicity of both indomethacin and ibuprofen, in the neonate and certainly in the premature infant, these drugs have longer half lives than later in childhood or in adulthood (34) . Indomethacin has been shown to have clinically important renal side effects, both in acute dosing of three i.v. boluses of 0.2 mg/kg BW as well as on more prolonged administration of 0.1 mg/kg BW per day for 5-6 d to premature infants (42) . Diuretic therapy has been claimed by some to reduce the renal side effects of indomethacin (43) , though in premature babies this did not prove to be the case (44) . Ibuprofen had few significant renal side effects when given in one or three i.v doses (10 mg/kg BW only versus 10 ϩ 5 ϩ 5 mg/kg BW) starting 3 h after birth in premature babies, though the renal function tests performed were not very sophisticated (18) . Van Overmeire et al. indicated that one i.v. dose of 10 mg/kg BW ibuprofen followed with two daily doses of 5 mg/kg BW had less renal side effects than three daily i.v. pulses of indomethacin in a dose of 0.2 mg/kg BW (19) . These authors conclude that ibuprofen is less nephrotoxic in the newborn than indomethacin only on the basis of comparing the decrease in urine output and the rise in plasma creatinine between patients receiving these two drugs. True renal function was not measured. It is difficult to compose a definite summary of the available clinical data regarding the renal toxicity of indomethacin and ibuprofen. In the absence of large, carefully controlled trials on the comparison of these two drugs, it seems that one must rely on animal studies, as described above. On the basis of these studies, covering a wide range of i.v. dosages, it is highly improbable that one can expect ibuprofen in the newborn period to have less renal side effects than indomethacin. Indomethacin and ibuprofen act in a similar fashion. Both agents are nonselective inhibitors of tissue COX-1 and -2, which forms the basis for their action in pharmacologically closing a hemodynamic significant PDA, unfortunately with side effects in other vascular beds. At this point in time, there is little data 604 on the effect of selective COX inhibitors on closure of PDA.
In conclusion, the above animal experiments show that in the neonatal period ibuprofen does not have significantly less renal side effects than indomethacin, as has been claimed.
